ABSTRACT L-Canaline, a potent inhibitor of pyridoxal phosphate-mediated reactions, markedly inhibited the conversion of methionine to ethylene and carbon dioxide by apple tissue. A 50% inhibition of methionine conversion into ethylene was obtained with 50 jtM canaline and almost complete inhibition with 300 AM canaline. When 2, 4-dinitrophenol, an oxidative phosphorylation uncoupler, was fed to apple tissue, it inhibited the conversion of radioactive methionine to ethylene by 50% at a concentration of 60 AM and by 90% at a concentration of 100
methionine in apple tissue (15) . Since rhizobitoxine can inhibit pyridoxal phosphate-dependent reactions in Salmonella (14) and spinach (10) , Owens et al. (15) suggested that pyridoxal phosphate acted as a cofactor in the conversion of methionine to ethylene. Yang and Baur (21) proposed a concerted y-elimination reaction mechanism involving pyridoxal phosphate and 02 to account for the biological production of ethylene from methionine.
We have found that L-canaline (2-amino-4-aminooxybutyric acid), a structural analog of L-ornithine, effectively inhibits the conversion of methionine to ethylene in apple tissue. L-Canaline has been shown to complex strongly with pyridoxal phosphate and inhibit activity of pyridoxal-dependent enzymes (16) . This paper describes the effect of DNP and L-canaline on the conversion of L-methionine to ethylene in apple tissue and on the ethylene evolution by auxin-treated mungbean segments. A possible pathway for the conversion of methionine to ethylene will be discussed in light of the results from these inhibitor studies.
MATERIALS AND METHODS
Plant Materials and Chemicals. Apples used were Golden Delicious which were purchased from a local market. LMethionine-U-'4C (100 ,Ci/,umole) and L-methionine-'H (G) (150 ,Ci/,umole) were products of Amersham-Searle. The extent of labeling of the ethylene moiety of L-methionine-'H (G) was determined to be 4.2% by degrading the methionine photochemicaly with FMN (22) followed by gas chromatography and gas radiochromatography. Sodium acetate-1-"4C (41 mCi/ mmole) was obtained from Schwarz Biochemicals. L-Canaline dipicrate was purchased from Sigma and Calbiochem. The picric acid was removed with Dowex 2-X8 (Cl-) and the concentration of L-canaline determined spectrophotometrically by the ninhydrin method (23) . DNP (Na salt) was a product of J. T. Baker Chemical Co.
Feeding Experiments. Apple plugs (1 cm in diameter and 2 cm in length) were cut with a cork borer and razor blade and the radioactive substrates in 2% KCl with or without inhibitors were introduced into the plug by a vacuum injection technique (1) . The plugs were sealed in 12-ml syringes and incubated for 2 hr at 25 C.
Mungbean Experiments. Seeds of mungbean (Phaseolus mungo L.) purchased locally were sorted and surface-sterilized with 0.02% sodium hypochlorite solution for 10 min. After thorough rinsing with distilled H20, the seeds were imbibed with aeration for 12 hr and then germinated in vermiculite for 4.5 days in the dark at 24 C. Under dim green light, 2-cm long sections were cut from hypocotyls at a point 1 cm below the hook. Twenty sections were incubated in 50-ml Erlenmeyer flasks with 5 ml of 50 mm K-phosphate buffer, pH 6.0, containing 2% sucrose, 200 /tm IAA, and the appropriate concen-Plant Physiol. Vol. 55, 1975 tration of L-canaline or DNP. A plastic centerwell containing 0.1 ml 40% KOH was hung within the flask to absorb CO2. The flask was sealed with a rubber serum cap and incubated in the dark in a water bath shaker at 25 C.
Gas Analysis. At the end of the incubation period, samples of the gas phase in the reaction syringes or reaction flask were analyzed for total and radioactive ethylene and CO2 by gas chromatography and gas radiochromatography as previously described (1) . A 1-ml gas sample was removed from the Erlenmeyer flasks with a hypodermic syringe and ethylene assayed with a gas chromatograph equipped with an alumina column and a flame ionization detector. RESULTS L-Canaline in concentrations above 10 ,uM within the tissue markedly inhibited the in vivo conversion of methionine to ethylene and CO2 in apple tissue (Fig. 1) . A 50% inhibition was observed with about 50 ,uM L-canaline and an almost complete inhibition was achieved in the presence of 300 MkM L-canaline. When the amount of added methionine was varied in the presence of 7 or 70 MUM L-canaline the degree of inhibition of conversion was reduced as the methionine level was increased (Table I) . A 10-fold increase in the amount of methionine reduced the inhibition in the presence of 70 MuM L-canaline by 50% and completely overcame the inhibition in the presence of 7 MiM L-canaline. However, further additions of methionine were ineffective in completely overcoming the inhibition caused by 70 MM L-canaline. Additions of pyridoxal phosphate proved to be ineffective in reversing the canaline-induced inhibition.
In the presence of DNP conversion of methionine to ethylene was inhibited by concentrations as low as 1 ,uM (Fig. 2) . However, the CO2 production was not appreciably inhibited until the DNP concentration was at least 75 /Mm. The concen- The formation of radioactive ethylene and CO2 was analyzed after a 2-hr incubation at 25 C with a gas radiochromatograph unit. was increased by about 25% (Table II) . The inhibition observed in the presence of DNP appears to be a result of the uncoupling of oxidative phosphorylation leading to a depletion in the availability of ATP in the affected tissue. However, when ATP was added with DNP there was no increase in the radioactive ethylene produced by the tissue. In this experiment the endogenous ethylene production was not appreciably inhibited by DNP (Table II) .
Low levels of either canaline or DNP inhibited the auxininduced ethylene production by mungbean hypocotyls (Fig. 3) . Additions of ATP or S-adenosylmethionine to IAA-treated segments did not overcome the inhibition by DNP and additions of methionine or pyridoxal phosphate did not significantly reverse the inhibition by canaline. 
DISCUSSION
This study was undertaken to test the ability of L-canaline and DNP to inhibit in vivo the biosynthesis of ethylene from methionine. The rationale for these tests is based on the proposal that pyridoxal phosphate mediates the conversion of methionine to ethylene (15) , the fact that canaline strongly inhibits mammalian pyridoxal-dependent enzymes in vitro (16) , and the suggestion that oxidative phosphorylation is required for ethylene production (4, 8, 20) .
Low concentrations of canaline and DNP were found to inhibit markedly the conversion of methionine to ethylene in apple tissue and the ethylene evolution in auxin-induced mungbean hypocotyl sections. These results are consistent with the view that both pyridoxal phosphate and ATP are involved in the biosynthesis of ethylene from methionine, although alternative explanations are also possible as discussed below.
Since canaline and pyridoxal phosphate stoichiometrically interact in aqueous solution to form a canaline-pyridoxal phosphate complex (16) , it is logical to assume that canaline could interfere with the conversion of methionine to ethylene through its strong interaction with pyridoxal coenzyme. Increasing the amount of methionine fed to apple tissue partially relieved the inhibition of canaline, suggesting a competition for coenzyme (pyridoxal phosphate) between these compounds. In the mungbean system, added methionine was ineffective in alleviating the inhibition by canaline. This may be interpreted on the basis that mungbean hypocotyls contain a relatively large pool of free methionine (17) , as compared to apple tissue (2) , and that binding of canaline to coenzyme was very strong in the mungbean system. Alternatively, since a structural similarity exists between canaline and methionine (the terminal methylthio group of methionine is replaced by an aminooxy group), canaline may exert its inhibitory effect not by interacting with pyridoxal phosphate but by a competitive type inhibition.
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In the presence of DNP the production of labeled ethylene from methionine in apple and the IAA-induced ethylene production in mungbean were significantly curtailed. In some cases with apple tissue the inhibition of endogenous ethylene production by DNP was not as great as the inhibition of conversion of radioactive methionine to ethylene. Since the volume of solution containing radioactive methionine and inhibitor fed to apple plugs represents less than one-sixteenth the volume of the apple plug, it is possible that during infiltration the radioactive methionine and DNP did not penetrate evenly throughout the tissue. As a result, some portions of the tissue plug might receive no inhibitor and therefore the endogenous ethylene production would not be affected, even though the conversion of labeled methionine to ethylene would be inhibited. The results with DNP suggest involvement of ATP in the conversion of methionine to ethylene in both apple and mungbean tissue. Alternatively, the DNP inhibition of ethylene production in mungbean may result from inhibition of synthesis of the ethylene-forming enzyme(s). The failure of pyridoxal phosphate or ATP to reverse significantly the inhibition in apple tissue or mungbean could be the result of poor penetration of these compounds into the tissue, since these molecules are relatively large and complex.
Baur et al. (3) (21) . The positive charge imposed on the sulfur would create a strong electron pulling group, thus facilitating a concerted y-elimination reaction mediated by pyridoxal phosphate (Fig. 4) . The formation of 5'-methylthioadenosine in this scheme would be consistent with the observation that no volatile sulfur compounds are recovered during the conversion of methionine to ethylene (2, 6) . The enzymic cleavage of Sadenosylmethionine forming 5'-methylthioadenosine has been noted in microorganisms (13, 19) .
In the conversion of methionine to ethylene in apple tissue, the methylthio group is recycled through several steps to methionine (2 (18) found that 5'-methylthioadenosine was converted into methionine prior to its conversion to SAM in yeast. Recently, we have demonstrated that when 5'-methylthioadenosine-methyl-'4C was administered to apple tissue, the radioactivity was rapidly incorporated into methionine.
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